We investigated the thermal stability and hardness of a Zr 55 Cu 30 Al 10 Ni 5 bulk glassy alloy after isothermal viscous flow deformation in the supercooled liquid region. The influence of deformation temperature, holding time and initial strain rate on the thermal stability and hardness of a Zr 55 Cu 30 Al 10 Ni 5 bulk glassy alloy subjected to the high temperature compression test was examined by differential scanning calorimetry (DSC) and with a Vickers micro-hardness tester. The results showed that the incubation time for isothermal annealing crystallization reduced during the viscous flow deformation. Thermal stability of supercooled liquid decreased after viscous flow deformation. As the deformation temperature increased, the SCL region decreases. At lower temperatures below 713 K the structural relaxation occurred, resulting in a slight increase in hardness. The crystallization at higher temperatures of over 723 K caused a rapid increase in hardness. The supercooled liquid region decreased and the hardness increased with increasing deformation time. Higher strain rate resulted in larger deformation in the same deformation time, and had slight influence on the thermal stability and hardness of the Zr 55 Cu 30 Al 10 Ni 5 glassy alloy. When the Zr 55 Cu 30 Al 10 Ni 5 bulk glassy alloy was compressed for 300 s with an initial strain rate of 3:3 Â 10 À3 s À1 at the temperatures of 723 K, nanocrystallization occurred, and the grain size was evaluated to be smaller than 5 nm.
Introduction
The lacks of workability and machinability restrict the applications of bulk glassy alloys, though they exhibit high mechanical strength and good corrosion resistance which enable to use as structural materials.
1,2) Recently, viscous flow deformation of glassy alloys in a supercooled liquid (SCL) region has attracted increasing interest because of the expectation of the significant and fine precision working of bulk glassy alloys. 3, 4) A number of studies on viscous flow behavior of glassy alloys have been carried out for La-, Mg-, Zr-and Pd-based glassy alloys. Most of them were focused on the limited temperature range near the glass transition temperature (T g ) because of the ease of crystallization in the temperature range above T g . [5] [6] [7] [8] In general, the homogeneous deformation in glassy alloys has been predicted to take place at about 0.7 T g , 9) due to the ease of structural relaxation through very short relaxation times over this temperature. In the glass transition region, the Newtonian viscosity of glassy alloys decreases markedly, and the temperature dependence is usually described by the Vogel-Fulcher-Tammann (VFT) formula. 10, 11) The viscous flow behavior near T g as well as the viscous flow deformation in the SCL state by extrusion processing has been studied for bulk Zr-Al-Ni-Cu glassy alloys. [12] [13] [14] [15] The viscous flow behavior of Zr-Al-Ni-Cu glassy alloys under continuous heating treatment was also examined by thermomechanical analysis (TMA) experiment. 16) However, most of previous studies on viscous flow have been made mainly at the temperature near T g and little is known about the properties of the glassy alloys after viscous flow deformation. In the present paper, the influence of viscous flow deformation on the thermal stability and hardness of the Zr 55 Cu 30 Al 10 Ni 5 bulk glassy alloy was examined.
Experimental Procedure
A Zr 55 Cu 30 Al 10 Ni 5 quaternary alloy ingot was prepared from a mixture of pure metals with purities above 99.9% by arc melting in a purified argon atmosphere. The alloy composition represents the nominal atomic percentage of the mixture. Bulk glassy alloy rods with a diameter of 4 mm were prepared by the copper mold casting method. For compressive tests, the cylindrical specimens of 5 mm in length were cut from the cast rods. The glassy state of the cast rods was confirmed by X-ray diffractometry (XRD). The glass transition temperature (T g ) and the onset temperature of crystallization (T x ) were determined to be 684 K and 774 K, respectively, by differential scanning calorimetry (DSC) at a heat rating of 0.67 K/s. High-temperature uniaxial compression test was conducted under an Ar atmosphere by using a TOSHIBA test machine. The maximum applied load was 20 kN. Specimens were heated to each test temperature at a heating rate of 1.65 K/s and maintained for 10 s for thermal equilibration before compressing. Liquid nitrogen was used to cool the specimens after the compression test. The structure of the specimens subjected to high temperature compression was examined by XRD, transmission electron microscopy (TEM), high resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED) and energy dispersive spectroscopy (EDS) with a spot size of 3 nm. Thermal characters of the deformed specimens were also examined by DSC. The hardness was measured by a Vickers micro-hardness tester with a load of 200 gf.
Results and Discussions

Effect of temperature on viscous flow behavior
In the present study, the relative displacements (
, where the L 0 and L 1 are the initial length and the length of as-compressed specimen respectively) are considered to describe the deformation of the glassy alloy. Firstly, the relative displacement increases with increasing temperature, then decreases with increasing temperature because of crystallization at the high temperatures. The crystallization at high temperatures was confirmed by XRD. Bigger relative displacements can be obtained when the temperature is in the range from 713 to 733 K. 17) The effect of the viscous flow deformation under various temperatures on the T g , ÁT x , ÁH=ÁH as-cast and hardness had been discussed in our previous work. 18) With increasing deformation temperature, T g increases and the endothermic glass transition event becomes weak. When the deformation temperature is higher than 733 K, T g can't be detected by DSC with a heating rate of 0.67 K/s. The increase of T g is due to the increase of free volume, which is created due to flow detect from viscous flow deformation under pressure and held due to liquid N 2 cooling. However, the increase is not remarkable because of the annihilation of free volume due to isothermal process in the SCL region. ÁT x decreases with increasing temperature indicating that the thermal stability of Zr 55 Cu 30 Al 10 Ni 5 bulk glassy alloy subjected to viscous flow deformation decreased. Since the T g increases slightly with increasing deformation temperature, the decrease of ÁT x is mainly attributed to the decrease of the onset temperature of crystallization. The reduction of T x is due to the reduction of activation energy for crystallization. At the higher viscous flow deformation temperature, the activation energy is lower. Hence, the crystallization is easily feasible. Comparing with the data obtained from isothermal anneal without deformation, the incubation time of crystallization decreases by the viscous flow deformation. The structure relaxation at lower temperatures such as below 713 K makes the hardness increase slowly, but the crystallization caused by high temperatures such as over 723 K makes the hardness increase rapidly. A large increase in the hardness of the glassy alloy after viscous flow deformation, which is caused by crystallization, indicates a significant decrease in plasticity and ductility, which is harmful to the properties of the glassy alloy viscous flow forming products.
Effect of time on viscous flow behavior
The relative displacement increases with an increase of holding time. With increasing time, the area of section of samples increases. This would bring two influences: a decrease of the real stress due to constant load and an increase of resistance for viscous flow due to more contact interface between the crosshead and sample. Both of changes depress the continued deformation. Figure 1 shows the effect of the compressive time on the T g and ÁT x . The compression temperature, initial stress and strain rate are 723 K, 160 MPa and 3:3 Â 10 À3 s À1 , respectively. With increasing compression time, T g increases slightly and T x decreases. As a result, the supercooled liquid region reduces, indicating the decrease in the thermal stability of the glassy alloy subjected to viscous flow deformation. As above mentioned, the viscous flow deformation in SCL region has two influences for free volume of glassy alloy: production of new free volume due to flow defects and annihilation of free volume due to structure relaxation at high temperature. Under the present conditions, the increase of T g is due to the production of new free volume during viscous flow deformation when the compression time is less than 200 s. As the compression time is long enough, such as 300 s, the influence due to new free volume production decreases because of the decrease in deformation rate. The decrease of T x results from the reduction of activation energy due to the viscous flow deformation (list as Table 1 ). The crystallization process of a glassy alloy comprises of the nucleation and growth of nuclei and the activation energy derived by Kissinger method are the integration of the activation energy of nucleation and growth. The nucleation of as-casted glassy alloy is formed by a composition fluctuation from the initial homogeneous alloy with lower density of nuclei, while the nucleation in the glassy alloys subjected to viscous flow deformation is formed by heterogeneous structure and composition caused by two structure relaxation events: topological short range ordering and chemical short range ordering. For the longer compression time, structure relaxation is more sufficient, and activation energy is lower, indicating easier nucleation and growth of glassy structure. In addition, nanocrystallization, which occurs during viscous flow deformation in the SCL region, might change the composition of the residual glassy structure. This is expected to be a reason for the reduction of ÁT x . Figure 2 shows the time dependence of ÁH=ÁH as-cast and crystallization volume fraction of the Zr 55 Cu 30 Al 10 Ni 5 bulk glassy alloy subjected to high temperature compression. Since XRD patterns show the absence of crystallization peaks, the decrease of ÁH=ÁH as-cast and the increase of crystallization volume fraction are due to the nanocrystallization in glassy alloy. The ÁH=ÁH as-cast has an obvious decrease when the time is over 200 s, so the nanocrystallization should occur after 200 s at the compression temperature The Influence of Viscous Flow Deformation on the Thermal Stability and Hardness of ZrCuAlNi Bulk Glassy Alloyof 723 K. Nano-scale precipitates in the glassy alloy deformed at 723 K for 300 s were observed by TEM and HRTEM. The grain size in the deformed glassy alloy was evaluated to be smaller than 5 nm. The formation of the nanocrystalline phase results from the effect of pressure stress on the kinetics of crystallization, which is the cooperative effect of acceleration for nucleation and suppression for growth of crystalline. The nano-scale precipitates distributed in the glassy alloy were identified as CuZr 2 by EDS and SAED. 18) With increasing time, the structure relaxation would be more sufficient and free volume decrease. When the temperature is relatively high, such as 723 K, the nanocrystalization occurs. All the changes would enhance the resistance against the deformation, so the hardness increases. There is a rapid increase between 200 s and 300 s. It can be implied that nanocrystallization would occur in this time range at 723 K. The results accord with the change of ÁH=ÁH as-cast .
Effect of strain rate on viscous flow behaviors
Strain rate is an important parameter for viscous flow fabrication of a glassy alloy. Firstly, the relative displacement increases with increasing strain rate, and then becomes flat when the strain rate is above 1:32 Â 10 À2 s À1 . Higher strain rate can reduce the fabrication time at high temperature, therefore, reduces the possibility of crystallization. XRD results show the absence of crystallization for the sample compressed at 723 K. 17) Figure 4 shows the effect of the strain rate on the T g , ÁT x , ÁH=ÁH as-cast and hardness. The compression temperature, time and initial stress are 723 K, 100 s and 160 MPa, respectively. There are no obvious changes for T g , ÁT x , ÁH=ÁH as-cast and hardness due to the increase of strain rate. It can be implied that strain rate has significant effect on the deformation process, but little effect on the thermal properties and hardness.
Conclusions
The viscous flow deformation of the Zr 55 Cu 30 Al 10 Ni 5 bulk glassy alloy decreases the thermal stability of supercooled liquid region. Nanocrystallization occurs after 200 s at the compression temperature of 723 K, and the hardness rapidly increases in this time range. Strain rate has significant effect on the deformation process, but little effect on the thermal properties and hardness. 
